Lactobacilli are known to prevent colonization by many pathogens; nevertheless, the mechanisms of their protective effect are largely unknown. In this work, we investigated the role of lactobacilli during infection of epithelial cells with group A streptococci (GAS). GAS cause a variety of illnesses ranging from noninvasive disease to more severe invasive infections, such as necrotizing fasciitis and toxic shock-like syndrome. Invasion of deeper tissues is facilitated by GAS-induced apoptosis and cell death. We found that lactobacilli inhibit GAS-induced host cell cytotoxicity and shedding of the complement regulator CD46. Further, survival assays demonstrated that lactic acid secreted by lactobacilli is highly bactericidal toward GAS. In addition, lactic acid treatment of GAS, but not heat killing, prior to infection abolishes the cytotoxic effects against human cells. Since lipoteichoic acid (LTA) of GAS is heat resistant and cytotoxic, we explored the effects of lactic acid on LTA. By applying such an approach, we demonstrate that lactic acid reduces epithelial cell damage caused by GAS by degrading both secreted and cell-bound LTA. Taken together, our experiments reveal a mechanism by which lactobacilli prevent pathogen-induced host cell damage.
Streptococcus pyogenes (group A streptococci [GAS] ) is the cause of many important human diseases ranging from mild superficial skin infections to life-threatening systemic diseases. The pathogen is a common colonizer of the mucosal layers in the mouth, nose, and pharynx. Colonization by GAS is often transient and asymptomatic; however, dissemination by local infection occasionally develops into severe systemic disease, such as streptococcal toxic shock syndrome (8, 24) . A pathogenicity feature of GAS is the ability to induce cytotoxicity in human cells (33, 37) , which facilitates bacterial entry into deeper tissues of the body (2, 9) . Invasion of host cells (17, 26, 53) , as well as many virulence factors of GAS, such as the surface component lipoteichoic acid (LTA) (12, 19-22, 49, 51) and the toxins streptolysin O and streptolysin S (11, 29, 45) , is reported to induce host cell damage. In addition, pathogeninduced apoptosis and necrosis lead to shedding of the cell surface complement regulator CD46 (14, 25) . Shed CD46 binds to the surface of GAS and increases survival of the bacteria in the blood (23, 27) .
The normal microbiota is an important first line of defense against invading pathogens. The Gram-positive lactobacilli colonize various parts of the body and are common inhabitants of the mucosal membranes in the oral tract (1, 3, 39) . Lactobacilli are known to protect against colonization by many pathogens (44) and have also been reported to prevent cytotoxicity induced by bacterial pathogens (4, 5, 15, 31) . In addition, in a recent study, Lactobacillus rhamnosus GG, a commonly used probiotic strain, was reported to inhibit GAS invasion of host cells (36) . Lactobacilli have further been reported to inhibit streptococcal growth (15, 18, 46, 47) . However, the mechanisms of the lactobacillus-mediated host cell protection and their bactericidal effects have remained enigmatic.
In this study, we investigate how lactobacilli influence infection of epithelial cells by GAS. We demonstrate that lactobacilli mediate killing of GAS by secretion of lactic acid. Further, incubation of GAS with lactic acid abolishes its cytotoxic effects against human cells. This is accomplished by lactic acidmediated degradation of both secreted and bacterium-bound LTA. Thus, lactobacilli have two preventive strategies: one is to kill the pathogen, and the second is to inactivate and degrade the highly cytotoxic LTA.
MATERIALS AND METHODS
Bacterial strains. L. rhamnosus Kx151A1 and Lactobacillus oris Kx112A1 were isolated from the gastric biopsy specimens from healthy human individuals described in a previous study (38) . Lactobacillus reuteri MV29-2A and L. reuteri MG3, isolated from the vaginal tracts of human and monkey, respectively, were kindly provided by Biogaia AB, Stockholm, Sweden. Lactobacilli were grown on Rogosa agar plates (Oxoid) or MRS broth (Oxoid) at 37°C in 5% CO 2 . S. pyogenes S165 (GAS), serogroup emm6 (50), was isolated from the blood of a patient suffering from severe invasive streptococcal disease. GAS was grown on Todd-Hewitt agar plates (Acumedia) supplemented with 1.5% yeast extract at 37°C in 5% CO 2 .
Cell culture. The human pharyngeal epithelial cell line FaDu (ATCC HTB-43) was cultured at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium with glutamax and pyruvate (Invitrogen) and supplemented with 10% heat-inactivated fetal bovine serum (Sigma). All experiments were performed without serum, because serum has been reported to bind to LTA and thereby reduce the cytotoxic effects of bacteria (20) . In all experiments, epithelial cells were seeded on cell culture plates the day before the experiments to form a monolayer overnight. Lactic acid was measured using a BioProfile Flex (Nova Biomedical) chemical cell culture analyzer.
Annexin V staining. For annexin V staining, confluent monolayers of epithelial cells in a 6-well plate were incubated with 3 ml of GAS in cell culture medium at a multiplicity of infection (MOI) of 100 or coincubated with both GAS (MOI, 100) and different Lactobacillus strains (MOI, 100) for 16 h with a wash after 2 h to prevent overgrowth of bacteria. The flow cytometry protocol was based on a previous study (23) . Briefly, the epithelial cells were washed, collected, and stained with 5% annexin V-fluorescein isothiocyanate (FITC) (BD Biosciences) for 15 min at room temperature. Samples were then washed and resuspended in phosphate-buffered saline (PBS) supplemented with 0.1% bovine serum albumin (BSA). The samples were analyzed using a FACSCalibur (BD Biosciences) and Cell Quest Pro software (BD Biosciences). Heat treatment of GAS was performed at 95°C for 30 min and lactic acid treatment (40 mM) was performed for 60 min, followed by a wash in PBS.
MTT cell viability assay. Confluent monolayers of epithelial cells in 96-well plates were incubated with 100 ml of GAS alone at an MOI of 100 or coincubated with GAS (MOI, 100) and different Lactobacillus strains (MOI, 100) for 16 h. To prevent overgrowth, unbound bacteria were removed by washing the plates with medium at 2 h postinfection. At 16 h after infection, the cells were washed and incubated with 400 mg/ml gentamicin for 2 h. The cells were washed again and incubated in 0.5 mg/ml of the tetrazolium salt methylthiazolyldiphenyltetrazolium bromide (MTT) in cell culture medium without phenol red for 2 h. The medium was removed, and isopropanol was added. Absorbance was read at 590 nm. Relative cytotoxicity was defined as follows: 1 Ϫ absorbance of infected cells/absorbance of uninfected cells. Heat treatment of GAS, Lactobacillus supernatants, or LTA was done at 95°C for 30 min. GAS were treated with 40 mM lactic acid for 60 min followed by a wash in PBS, whereas LTA was treated with 40 mM lactic acid for 60 min followed by adjustment of the pH to 7 with NaOH. LTA purified from GAS was purchased from Sigma-Aldrich.
CD46 staining. For CD46 staining, confluent monolayers of epithelial cells in a 6-well plate were incubated with 3 ml of GAS in cell culture medium at an MOI of 100 or coincubated with both GAS (MOI, 100) and different Lactobacillus strains (MOI, 100) for 16 h with a wash after 2 h to prevent overgrowth of bacteria. The epithelial cells were then washed, collected, and fixed in 4% paraformaldehyde for 15 min at room temperature; blocked with 2% BSA for 30 min on ice; and stained with FITC-conjugated monoclonal antibody against CD46 (5 g/ml; BD Biosciences) for 30 min on ice, as described in a previous study (23) . Samples were then washed and resuspended in 0.1% BSA in PBS. The samples were analyzed by flow cytometry using a FACSCalibur and Cell Quest Pro software.
Adherence and growth assays. Adherence assays were performed as previously described (35) . Briefly, confluent monolayers of epithelial cells were infected at an MOI uf 100 with GAS alone or together with Lactobacillus strains at an MOI of 100 or 400 l Lactobacillus supernatants for 16 h with a wash after 2 h. Unbound bacteria were removed by washing them in medium. Infected cell layers were treated for 5 min with 1% saponin, serially diluted, and spread on plates. Adherence of GAS alone was normalized to 1. To collect supernatants, epithelial cells cultured in 48-well plates were incubated with lactobacilli and GAS for 16 h in 1 ml medium. Supernatants were sterile filtered before being used in adherence assays.
To measure growth of GAS in the presence of epithelial cells, a confluent monolayer of FaDu cells was infected with 10 6 CFU/ml GAS alone (MOI, 100) or together with 10 6 CFU/ml lactobacilli. Bacteria were serially diluted and spread on plates for viable counts at 4 h and 8 h postinfection without prior washing. All serial dilutions were performed in cell culture medium.
PI staining. GAS resuspended to 10 8 CFU/ml were incubated in Lactobacillus supernatant or medium (MRS) for 30 min at 37°C. The supernatants were collected from Lactobacillus strains grown in medium (MRS) for 16 to 20 h at 37°C with shaking and then sterile filtered. GAS incubated with Lactobacillus supernatant or MRS broth were stained with propidium iodide (PI) and analyzed by flow cytometry. For PI staining, bacteria were incubated with 10% PI (BD Biosciences) for 15 min at room temperature, washed, fixed in 4% paraformaldehyde for 15 min at room temperature, washed again, and resuspended in PBS. To analyze GAS viability after coincubation with lactobacilli, samples were stained with a polyclonal antibody against GAS (50 g/ml; Abcam) for 30 min on ice, followed by incubation with an anti-rabbit IgG antibody (Alexa 488; 5 g/ml; Invitrogen) for 30 min on ice, after PI staining and fixation. Samples were analyzed by flow cytometry using a FACSCalibur and Cell Quest Pro software.
Bactericidal assay. GAS at 10 6 CFU/ml were incubated in Lactobacillus supernatant or medium (MRS) at 37°C. To generate supernatants, Lactobacillus strains were grown in 5 ml MRS in a cell culture flask at 37°C in 5% CO 2 with shaking for 16 to 20 h and then sterile filtered. The survival of GAS after incubation in Lactobacillus supernatant was assessed by serial dilutions in cell culture medium and plating. Relative survival was defined as follows: CFU after treatment/CFU before treatment. In some experiments, MRS was acidified with lactic acid or HCl to pH 4, i.e., the pH of the supernatant. In some experiments, the Lactobacillus supernatant was neutralized with NaOH to pH 6, i.e., the pH of MRS.
LTA staining. GAS were resuspended to 10 8 CFU/ml and heat inactivated at 60°C for 60 min. The bacteria were then either heat treated at 95°C for 30 min, 40 mM lactic acid treated for 60 min and washed in PBS, or left untreated. Samples were washed, fixed in 4% paraformaldehyde for 15 min at room temperature, and washed again. The bacteria were stained with rabbit anti-LTA polyclonal antibody (50 g/ml; Abcam) for 30 min on ice and with an anti-rabbit IgG antibody (Alexa 488; 5 g/ml; Invitrogen) for 30 min on ice. The samples were then washed, resuspended in PBS, and analyzed by flow cytometry using a FACSCalibur and Cell Quest Pro software.
Enzyme-linked immunosorbent assay (ELISA). Microtiter plates were coated with mouse anti-LTA monoclonal antibody (5 g/ml; MyBioSource) overnight at 4°C, washed, and blocked with 2% BSA for 1 h at room temperature. The supernatant of infected cells (untreated, heat treated, or treated with 40 mM lactic acid) or LTA purified from GAS and purchased from Sigma-Aldrich diluted in cell culture medium was added to the wells, and the plate was incubated for 1 h at room temperature. Rabbit anti-LTA polyclonal antibody (5 g/ml; Abcam) was added, and the plate was incubated for 30 min at room temperature. The wells were washed and incubated with a horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibody (1:1,000 dilution; Bio-Rad) for 30 min at room temperature. Unbound antibodies were washed away, and bound peroxidase was detected using tetramethylbenzidine (TMB) and stop solution, and the absorbance was measured at 450 nm. The protocol is based on a method used in a previous study (16) .
SDS-PAGE. LTA purified from GAS was purchased from Sigma-Aldrich. The LTA was treated with 40 mM lactic acid for 0 or 60 min and then neutralized with NaOH. Samples were then diluted in 2ϫ sample buffer (63 mM Tris-HCl, 2% SDS, 22% glycerol, 0.01% bromophenol blue) and analyzed on 12% acrylamide SDS-PAGE gels, followed by silver staining using a kit from Invitrogen.
Statistical analysis. Each experiment was done at least three times in triplicate. Analysis of variance (ANOVA) and Tukey's HSD (honestly significantly different) test (XLSTAT) were used to analyze differences between groups for statistical significance. A P value below 0.05 was considered statistically significant. Error bars represent standard deviations.
RESULTS
Lactobacilli reduce cell death caused by group A Streptococcus. In order to investigate the role of lactobacilli during GAS infection, we coincubated pharyngeal epithelial cells with four different Lactobacillus strains. At 2 h postinfection, unbound bacteria were removed to prevent overgrowth, and at 16 h, cytotoxicity was measured. Flow cytometry analysis of annexin V-stained cells (Fig. 1A) and MTT cell viability assays (Fig.  1B) showed that coincubation of GAS with any of the Lactobacillus isolates-L. rhamnosus Kx151A1, L. oris Kx112A1, L. reuteri MV29-2A, or L. reuteri MG3-significantly reduced cytotoxicity. It has been shown that induction of cytotoxicity induces shedding of the cell surface complement regulator CD46 and that shed CD46 binds to the streptococcal surface and increases bacterial survival in blood (23, 27) . To investigate the role of lactobacilli in this process, we incubated epithelial cells with GAS and lactobacilli and measured CD46 expression by flow cytometry. Coincubation with any of the Lactobacillus isolates-L. rhamnosus Kx151A1, L. oris Kx112A1, L. reuteri MV29-2A, or L. reuteri MG3-restored CD46 expression to the levels in uninfected cells (Fig. 1C) . Our experiments show that lactobacilli reduce cytotoxic damage to host cells and prevent shedding of CD46 during GAS infection.
Lactobacilli are bactericidal against GAS. GAS cytotoxicity has previously been reported to correlate with adherence of bacteria to host cells (34 25 to 40% of that in infection with GAS alone (Fig. 2A) . Further, sterile-filtered supernatants of lactobacilli inhibited attachment to the same degree as live bacteria (Fig. 2B) . To understand the mechanism behind the reduced attachment to cells, we measured growth of GAS in the presence of epithelial cells for 4 h and 8 h without any washing steps. Coincubation of GAS together with lactobacilli resulted in less growth than with GAS alone (Fig. 2C) , indicating that lactobacilli inhibit GAS viability. To measure bacterial viability, we stained bacteria with PI and analyzed them by flow cytometry. PI staining increased in the presence of Lactobacillus strains (Fig. 2D) Lactobacilli produce lactic acid that kills S. pyogenes. To evaluate if lactobacilli secrete a bactericidal component, we incubated GAS for 30 min in supernatants of the Lactobacillus strains. All supernatants decreased GAS viability, as determined by flow cytometry analysis of PI-stained cells (Fig. 3A) . Incubation of GAS in supernatants, followed by serial dilution and plating for viable counts, confirmed that Lactobacillus supernatants kill GAS in a time-dependent manner (Fig. 3B) . Since the pH of the supernatants was acidic, i.e., pH 4, we next evaluated how GAS survival was affected by pH. Adjustment of supernatants to pH 6, i.e., to the pH of the growth medium, abolished the killing of GAS (Fig. 3C) . When the growth medium was adjusted to pH 4 with lactic acid, it became bactericidal to GAS. However, medium acidified with HCl did not kill GAS, suggesting that the bactericidal effect is not a direct effect of acidic pH but specific to lactic acid. Heat treatment or proteinase K treatment of the supernatant did not affect its bactericidal activity (data not shown), indicating that the bactericidal effect was not mediated by bacteriocins. These data suggest that lactic acid secreted by lactobacilli is bactericidal against GAS.
Streptococci killed by lactic acid are not cytotoxic to epithelial cells. The lactic acid concentration in epithelial cell supernatants after coincubation with lactobacilli and GAS for 16 h was measured to 40 mM, and with GAS alone to 9 mM, using a Bioprofile Flex chemical analyzer. To evaluate if 40 mM lactic acid exhibited killing activity against GAS, we incubated bacteria in 40 mM lactic acid in cell culture medium for 16 h and determined viable counts. As shown in Fig. 4A , 40 mM lactic acid significantly reduced bacterial growth, whereas 10 mM lactic acid did not. We next incubated GAS with 40 mM lactic acid for 60 min, washed them, and overlaid epithelial cells for 16 h. Lactic acid treatment abolished the cytotoxic effects of GAS, whereas heat treatment of bacteria at 95°C for 30 min did not reduce cytotoxicity, as determined by an MTT viability assay (Fig. 4B ) and annexin V staining (Fig. 4C) . To exclude the possibility that invasion contributed to cytotoxicity in this work, we did an invasion assay. S. pyogenes strain S165 did not invade the pharyngeal epithelial cell line FaDu, as determined by plating viable counts after killing extracellular bacteria with gentamicin (data not shown). This is in accordance with previous reports showing that GAS invasion of eukaryotic cells correlates with the isolation site (17, 26, 53) and that invasive blood isolates invade poorly (30) . Taken together, these results indicate that lactic acid treatment, but not heat killing, abolishes the cytotoxic effect of GAS.
Lactic acid degrades the toxic component lipoteichoic acid. The finding that GAS mediate cytotoxicity by a component sensitive to lactic acid treatment but resistant to heat treatment drew our attention to LTA, which is a heat-stable structure previously reported to cause damage to host cells (12, 19-22, 49, 51) . To study this, we measured LTA expression in GAS by flow cytometry after treatment of the bacteria with lactic acid or heat at 95°C. As shown in Fig. 5A , lactic acid dramatically altered the LTA expression of GAS, whereas heat had no effect. Since LTA may be released into the extracellular environment (22), we collected supernatants of GAS-infected cells. The supernatants were analyzed by ELISA and found to contain 0.75 mg/ml LTA (Fig. 5B) . Coincubation of the supernatants with 40 mM lactic acid reduced LTA to undetectable levels, whereas heat treatment of the supernatants did not affect LTA levels (Fig. 5B) . Supernatants from cells coincubated with GAS and L. rhamnosus did not contain detectable LTA. To verify the degradation of LTA, we treated purified LTA with lactic acid or with heat. As shown in Fig. 5C , LTA was not detectable in the supernatants after 30 min of incubation with lactic acid, whereas the LTA level was unaffected by heat treatment. To further confirm the degradation of LTA, lactic acid-treated and untreated LTA was analyzed by SDS-PAGE. It was previously reported that LTA migrates as a smear on SDS-PAGE gels (28) . Silver staining of gels revealed that lactic acid degrades LTA (Fig. 5D ). Finally, we tested the ability of LTA to induce host cell cytotoxicity. Pretreatment of purified LTA with lactic acid reduced the cytotoxic effects, whereas heat treatment did not, as determined by an MTT viability assay (Fig. 5E) . In control experiments, the cytotoxic effect of 0.01 to 1 mg/ml LTA on epithelial cells was tested; 1 mg/ml LTA was highly cytotoxic, and 0.01 mg/ml was not cytotoxic. In summary, these data suggest that lactobacilli mediate reduction of host cell toxicity by producing lactic acid that degrades the LTA of GAS (Fig. 5F ).
DISCUSSION
In this work, we studied how lactobacilli interfere with infection of pharyngeal cells by GAS. It is well established that GAS trigger host cell damage and cell death, which facilitates dissemination of the bacteria into deeper tissues (2, 9) . Here, we demonstrated that the presence of Lactobacillus strains reduces cell cytotoxicity during GAS infection. Coincubation with lactobacilli reduces attachment of GAS to epithelial cells as a result of growth inhibition. Analysis of supernatants revealed that lactic acid secreted by lactobacilli is bactericidal against GAS. Further, pretreatment of GAS with lactic acid abolished induction of host cell damage. In addition, lactic acid reduces secreted LTA to noncytotoxic levels. Thus, other cytotoxic mediators that lactobacilli are ineffective against, potentially streptolysin S, mediated the remaining cytotoxicity in coincubation experiments. The contributions of other organic acids, such as acetic acid, to the bactericidal effect and degra-
FIG. 2. Lactobacilli kill GAS. (A) Epithelial cells were coincubated with GAS and different
Lactobacillus strains at an MOI of 100 for 16 h, with a wash after 2 h. The lactobacillus/streptococcus ratio was 1:1. After incubation, the cells were washed, and viable counts of adherent bacteria were determined. Adherence of GAS alone was normalized to 1. (B) Adherence of GAS to epithelial cells in supernatants (sup) of cells coincubated with lactobacilli and GAS for 16 h. Adhered bacteria were quantified by viable counts. Adherence of GAS in the supernatant of uninfected cells was normalized to 1. (C) Recovery of viable GAS after 4 and 8 h of coincubation with lactobacilli. Viable GAS were quantified by plating viable counts without prior washing. (D) Killing of GAS after 16 h of coincubation (with a wash after 2 h) with lactobacilli. The proportion of killed GAS was analyzed by flow cytometry after staining with propidium iodide and a polyclonal GAS antibody. Statistical significance was analyzed using ANOVA and Tukey's HSD test (XLSTAT). A P value below 0.05 was considered statistically significant. The error bars represent standard deviations.
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on June 29, 2017 by guest http://aac.asm.org/ dation of LTA cannot be excluded. Organic acids, such as malic acid, citric acid, lactic acid, and acetic acid, were previously reported to be bactericidal to GAS (10) . However, the measured concentration of lactic acid after coculture was sufficient to mediate these effects. Since heat-killed GAS are still cytotoxic, viability is not a prerequisite for cytotoxicity. Indeed, it has been demonstrated that killed GAS induce high levels of inflammatory cytokines, such as tumor necrosis factor (TNF) (32) . The strong inflammatory response to invasive GAS infection may result in severe disease symptoms, such as toxic shock. In this work, we demonstrated that lactic acid degrades LTA, which causes damage to epithelial cells and is very potent in inducing inflammation through induction of TNF (13, 43) . Degradation of LTA might be an important mechanism by which lactobacilli protect against severe inflammation. The ability of acids to degrade LTA through hydrolyzation of phosphodiester bonds and acyl linkages is well established (6, 42, 43, 52) . LTA is a surface component of GAS that has been reported to contribute to adherence to epithelial cells by binding fibronectin (48) . GAS lipoteichoic acid has further been reported to be important for virulence in vivo (7). However, lipoteichoic acid is not an essential structure for GAS viability (7), which excludes the possibility that GAS die from degradation of lipoteichoic acid.
An intact epithelium is an important barrier that protects underlying tissues from bacterial invasion. Damaged epithelial cells shed the surface complement regulator CD46. Soluble CD46 signals that the epithelium is damaged and stimulates epithelial cells to secrete interleukin 8 (IL-8) (25) , which triggers inflammatory responses. Shed CD46 has been reported to bind to the surface of S. pyogenes and protect against immune recognition (23, 27) . In accordance with previous reports, infection with GAS reduced CD46 at the epithelial cell surface. Coincubation with GAS and lactobacilli restored CD46 expression to the levels in uninfected epithelial cells. Thus, by reduc- 6 CFU/ml was incubated in Lactobacillus supernatant; medium; Lactobacillus supernatant neutralized with NaOH to pH 6, i.e., the same pH as medium; or medium acidified with lactic acid or HCl to pH 4, i.e., the same pH as Lactobacillus supernatant. Survival was analyzed by plating serial dilutions. The survival ratio was expressed as follows: CFU after treatment/CFU before treatment. The medium used was MRS. The error bars represent standard deviations. ing the cytotoxicity of the epithelial cells, lactobacilli also reduce shedding of CD46. In this study, four different Lactobacillus isolates were used: two gastric isolates and two vaginal isolates. The vaginal strains were isolated from humans and monkeys, but they were equally efficient in reducing cytotoxicity. Lactobacillus inhibition of pathogens has previously been reported to be strain specific (40, 54) . However, even though coincubation with L. rhamnosus was more bactericidal to GAS than coincubation with the other Lactobacillus strains, the four Lactobacillus strains tested in this study all reduce cytotoxicity to the same level, which could be explained by the fact that lactic acid production is a general feature of lactobacilli. The production of lactic acid from GAS themselves did not reach bactericidal concentrations.
The protective role of the normal microbiota has been used for development of probiotics-live microorganisms that confer health benefits on the host (41) . Lactobacillus is the most studied genus of bacteria for probiotic use (41) . However, the mechanisms by which lactobacilli prevent colonization by pathogens are largely unknown. The current study gives insight into one mechanism by which lactobacilli protect against a Gram-positive pathogen. Taken together, we show that lactobacilli degrade GAS lipoteichoic acid, a cytotoxic inflammation inducer, and thereby reduce host cell damage caused by GAS. Future experiments will employ in vivo models to evaluate the 
